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q If the failed unit is repaired while the system is functioning, the newly repaired unit is kept as standby.
q A failed unit waits in a queue if there is already a unit under repair. The repair is carried on first-in-first-out basis.
q The system fails when all the n units are in failed state. A system of integral equations satisfied by various state probabilities corresponding to different initial conditions is obtained. An iterative numerical technique is used to solve the system of integral equations to evaluate the following measures of system performance:
q Expected number of failures in [0, t] .
q Expected number of visits of the system to the down state in [0, t] .
Notation f(.)/F(.)/F
-(.) = Probability density function (pdf)/cumulative distribution function (cdf)/survivor function (sf) of failure time of a unit.
g(.)/G(.)/G
-(.) = pdf/cdf/sf of repair time of a unit.
M m (t) = Expected number of failures in [0, t],
given that the system was in state m at time t = 0. D m (t) = Expected number of visits of the system to down state in [0, t] , given that the system was in state m at time t = 0.
Expected number of visits of the system to down state in [x, t -x] , given that the elapsed lifetime of the operating unit lies between x and x + dx (x < t) and the system was in state m at time x.
Expected number of visits of the system to the down state in [y, t -y], given that the elapsed repair time of the unit under repair lies between y and y + dy ( y < t) and the system was in state m at time y.
Mathematical modelling
The system is modelled by identifying the state of the system at any instant t. The set of all possible states is shown in Table I .
Analysis of n-unit cold-standby
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Thus there are (n + 1) possible states in which the system can be found at any instant t. It can be shown that the system can be considered as a semi-regenerative process with (n -1, n -2, 0) as regenerative states. The one-step transition between the states is shown in Figure 1 .
Expected number of failures in [0, t]
Let M n-1 (t) be the expected number of failures [0, t] , given that the system was in state (n -1) at time 0. From state (n -1), the following transitions can take place:
q The operating unit fails between u and u + du (u < t); then the system makes a transition to state n -2. The epoch of transition to state n -2 is regenerative. The corresponding equation can be written as From state n -2, the following transitions can take place.
q The operating unit fails between u and u + du (u < t), and repair is not over up to u. The system makes a transition to state n -3.
q The repair is completed between u and u + du (u < t), and the operating unit does not fail up to u. The system makes a transition to state n -1. The corresponding equation can be written as Proceeding similarly as above, we have the following. For 0 ≤ x ≤ t and 0 ≤ m ≤ n -2.
( ) ( ) ( , , -) . The system is down (that is, one unit is under repair and n -1 units are waiting for repair) Table I . The state space n-3 n-3 n-2 n-3 n-1 n-3 n-3 0 -1 Figure 1 . One-step transition between the states of the system IJQRM 12,3
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For 0 ≤ y ≤ t and 0 ≤ m ≤ n -3
The above system of integral equations can be solved numerically to obtain the value M n-1 (t). The above system of integral equations takes a compact form when either the failure or repair time follow exponential distribution.
Expected number of failures in [0, t] when failure time is exponential
Let the failure time of a unit follow an exponential distribution (that is, f(t) = λexp(-λt)). Then the expression for M n-1 (t) is given by Tables II and III . q The operating unit fails between u and u + du (u < t); then the system makes a transition to state n -2. The epoch of transition to state n -2 is regenerative. The corresponding equation can be written as From state n -2, the following transitions can take place.
q The repair is completed between u and u + du (u < t), and the operating unit does not fail up to u. The system makes a transition to state n -1. The corresponding equation can be written as Proceedings similarly as above, we have the following. For 0 ≤ x ≤ t and 1 ≤ m ≤ n -2
For 0 ≤ y ≤ t and 1 ≤ m ≤ n -3
( ) ( ) ( , , --) . 
= ∫ ∫
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The above system of integral equations can be solved numerically to obtain the value D n-1 (t).
The above system of integral equations takes a compact form when either the failure or repair time follows exponential distribution.
Expected number of visits to the down state in [0, t] when failure time is exponential
Let the failure time of a unit follow an exponential distribution (that is f(t) = λexp(-λt)). Then the expression for D n-1 (t) is given by
Expected number of visits to the down state in [0, t] when repair time is exponential
Let the repair time of a unit follow an exponential distribution (that is, g(t) = µexp(-µt)). Then the expression for D n-1 (t) is given by 
( ) ( ) ( , , -) . Table VI . 
Conclusion
The analysis of an n-unit cold-standby system with general failure and repair time distributions has remained open until now. It is well known that, in most of the practical situations, the failure and repair time distributions follow general distributions. In this article, an attempt is made to solve the problem. A mathematical model is developed using semi-regenerative processes and using a supplementary variable technique. Integral equations satisfied by various state probabilities corresponding to various initial conditions are obtained. An iterative numerical technique is used to solve the system of integral equations obtained to evaluate various measures of system performance. A comparative study when n = 1, 2 and 3 is made in connection with various measures. The measures of performance obtained in this article will help the system analyst and reliability engineers to improve their system.
